1. Introduction {#sec1-polymers-12-01489}
===============

The growing waiting list for tissue and organ transplants is a critical and oft-cited reason for the importance of tissue engineering research. Three-dimensional bioprinting using photopolymers takes a front role, due to its ability to manufacture patient-specific device geometries. Photopolymerization provides several advantages in bioprinting, such as biocompatibility, high resolution lithography, and tunable viscoelastic properties \[[@B1-polymers-12-01489],[@B2-polymers-12-01489],[@B3-polymers-12-01489]\]. Thus, extrusion bioprinting of a photopolymer containing cells is one popular method of creating tissue engineering constructs \[[@B4-polymers-12-01489]\]. Despite the promise, photopolymer-based 3D bioprinting has not developed enough to find commercial success beyond in vitro models due, in part, to the complexity of the tissues and the large number of uncharacterized variables \[[@B5-polymers-12-01489]\].

While different 3D printing apparatuses have unique considerations that affect outcomes, such as cell settling or high shear strains, the use of photopolymers during printing would expose cells to the photopolymer components and light characteristics used during crosslinking. Photopolymers are composed of a base polymer containing a reactive crosslinking moiety (e.g., acrylate, epoxide, and thiol-ene chemistries) and an appropriate photoinitiator compatible with this moiety (e.g., free radical generators, photoacid generators) \[[@B6-polymers-12-01489]\]. Overall, acrylate and thiol-ene chemistries are the prevalent reactive moiety, both of which are used with free radical-generating photoinitiators; upon exposure to light, these types of photoinitiators generate free radicals to initiate the crosslinking reaction that can also be cytotoxic to encapsulated cells \[[@B7-polymers-12-01489],[@B8-polymers-12-01489]\]. Many studies demonstrate low cytotoxicity related to their bioprinting process, but there is a dearth of reports that specifically focus on the toxic effects of light exposure in the presence of photopolymer \[[@B7-polymers-12-01489]\]. Similar studies primarily focus on topical photosensitizers with existing in vitro methods, such as the KeratinoSens or hCLAT assays, both of which are being recognized by the Interagency Coordinating Committee on the Validation of Alternative Methods for human skin sensitizer screening \[[@B9-polymers-12-01489],[@B10-polymers-12-01489],[@B11-polymers-12-01489]\]. However, systematic investigations focusing on light exposure and photoinitiator concentrations for the bioprinting field are absent.

Current studies reported in the literature are often demonstrations of a specific bioprinting apparatus or process; therefore, toxicity results are difficult to generalize to other systems. For example, Sabnis et al. investigated concurrent exposure of Irgacure 2959 photoinitiator and 365 nm light showing a cytotoxic dose-response correlated with only Irgacure 2959 concentration. The addition of 50 mg/L ascorbic acid, a radical scavenger, prevented cytotoxicity, which suggests that the mechanism of toxicity is related to free radical generation \[[@B12-polymers-12-01489]\]. This study only investigated cell viability after exposing cells to photopolymer extracts, and did not assay encapsulated cells. Leonhardt et al. investigated the cytotoxicity and genotoxicity of photopolymer extracts showing minimal toxicities for the visible-light polymerized acrylate polymer \[[@B13-polymers-12-01489]\]. The use of photopolymer extracts, as in these studies, is generally amenable to biocompatibility testing, but does not consider the initial burst of reactive oxygen species (ROS) generated when the photoinitiator is first exposed to light. Therefore, the use of extracts for biocompatibility testing of photopolymers may not accurately reflect the risks in bioprinting, where cells are exposed directly to photo-generated ROS. The photopolymer combination of gelatin methacryloyl (GelMA) and lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate (LAP) is commercially available and widely cited for various biomedical applications, but there has been very little investigation into the mutagenicity potential of this material, especially considering the effect of light exposure during crosslinking. Given the literature demonstrating and proposing mechanisms of free-radical mediated mutagenicity, it is surprising that almost no studies have investigated the mutagenicity of the GelMA + LAP photopolymer, or of photoinitiators in general, despite the large number of studies evaluating this specific combination \[[@B14-polymers-12-01489],[@B15-polymers-12-01489]\].

Kidney collecting duct cells are a well-known target of lithium, with kidney injury and disease being a common side effect of lithium treatment for psychiatric disorders \[[@B16-polymers-12-01489],[@B17-polymers-12-01489],[@B18-polymers-12-01489],[@B19-polymers-12-01489]\]. The mechanism of lithium toxicity to collecting duct cells is related to the epithelial sodium channels (passive transport into the cell) having a greater affinity for lithium versus sodium and the sodium efflux ATPase pump having a lower affinity for lithium leading to accumulation within the cell \[[@B20-polymers-12-01489],[@B21-polymers-12-01489]\]. Fibrosis is a late response to acute kidney injury, and is also observed after exposure to lithium chloride; thus, LAP, a lithium salt, may be more cytotoxic to collecting duct cells versus other cell types \[[@B22-polymers-12-01489],[@B23-polymers-12-01489]\]. While alternative versions of this photoinitiator type exist, i.e., with a sodium instead of a lithium ion, with similar crosslinking efficiencies, changing the cation to sodium decreases solubility and increases cytotoxicity \[[@B24-polymers-12-01489]\]. In this study, confluent M-1 mouse kidney collecting duct cells were considered, because these cells: (1) serve as a lithium target cell model, (2) exhibit epithelial polarity when cultured in well plates, and (3) form "domes" indicative of water transport \[[@B25-polymers-12-01489]\]. LAP in cell culture medium is exposed to the in vitro equivalent of the apical membrane of collecting duct cells. Additionally, the use of this cell model would expand the scope to technologies that could directly contact native tissue, such as tissue adhesives, injectable wound dressings, or hand-held extrusion printers for bioprinting during surgery \[[@B26-polymers-12-01489],[@B27-polymers-12-01489],[@B28-polymers-12-01489]\]. Therefore, the objectives of this study were to: (1) characterize light exposure conditions typical of bioprinters, using LEDs as a light source; (2) assess whether LAP with concurrent light exposure enhances cytotoxicity in confluent M-1 cells; and (3) determine if exaggerated exposure conditions associated with high cytotoxicity are mutagenic using bacterial reverse mutation assays.

2. Materials and Methods {#sec2-polymers-12-01489}
========================

2.1. Light Source Characterization and Photorheology {#sec2dot1-polymers-12-01489}
----------------------------------------------------

Two different LED light sources with a 405 nm nominal peak emission wavelength were evaluated for their emission spectra and irradiance using a HR4000 spectrometer (Ocean Insight, Largo, FL, USA) and an Ophir Vega with a PD-300UV photodiode detector (Ophir, Jerusalem, Israel), respectively. To characterize the beam profile of a M405LP1 LED (Thorlabs, Newton, NJ, USA) used for photorheology, the photodiode was masked with an approximately 1-mm pinhole and moved through the center of the beam; the LED chip was placed 150 mm vertically from the detector. Relative power was measured every 1 mm through the center of the beam. To illuminate the larger area required for the mammalian and bacterial assays, a higher power 405 nm LED array (Amazon, Seattle, WA, USA) was used. The array was embedded into the bottom of a polystyrene box and oriented upward. A 55 × 70 mm^2^ cutout on top of the box allowed light to illuminate well plates from the bottom.

Photorheology measurements of 10 wt % GelMA (Cellink, Boston, MA, USA) formulations were made using an MCR302 rheometer (Anton Paar, Ashland, VA, USA) with a fused silica lower plate and a 20-mm parallel plate geometry. GelMA used in this study was derived from 300 bloom porcine gelatin with a 54% degree of methacrylation, and was sterile filtered through a 0.22 µm polyethersulfone membrane by the manufacturer before lyophilization. The temperature was maintained at 37 °C, and the gap distance was set at 0.5 mm; this distance was varied during the experiment to maintain a constant 0.0 N normal force. The M405LP1 LED was set to 3.0 mW/cm^2^. The linear viscoelastic region (LVER) was determined with a pair of pilot tests on 10 wt % GelMA containing 17 mmol/L LAP exposed to \>10 min of light before measurement; a frequency sweep from 0.2--20 Hz at a constant 1% shear strain, followed by a shear strain sweep between 0.01% and 1000%, were performed. The photorheology experiments were conducted with a 60 s pre-shear at 5% shear strain, followed by triggering of the light source and simultaneous oscillatory measurement at 5% strain and 5 Hz for 15 min. An additional run investigated the crosslinking kinetics of 10% GelMA with 3.4 mmol/L LAP, after a nitrogen purge through the solution for \~2 min.

2.2. Cytotoxicity Assays {#sec2dot2-polymers-12-01489}
------------------------

M-1 mouse collecting duct cells (ATCC, Manassas, VA, USA) were incubated (37 °C, 5% CO~2~, 95% RH) in DMEM:F12 medium with 5 vol % FBS and 5 µmol/L dexamethasone (Sigma Aldrich, St. Louis, MO, USA) for 10 days in 96-well plates with media changes every 2 or 3 days. Cell layers cultured for at least 10 days were observed to form domes indicative of ion transport; this observation is qualitative but is typical of healthy confluent layers \[[@B25-polymers-12-01489]\].

Alamar Blue (AB) and Neutral Red Uptake (NRU) cytotoxicity assays were conducted on M-1 collecting duct cells exposed to LAP (Sigma Aldrich, St. Louis, MO, USA), with or without light exposure. The first set of assays without light exposure was performed by exposing cell layers to 3.4, 5.1, 6.8, 17, 25.5, 34, 51, or 68 mmol/L LAP or lithium chloride (LiCl) (Sigma Aldrich, St. Louis, MO, USA) in cell culture medium for 24 h, before conducting the AB and NRU assays. The second set of experiments with light exposure was conducted by adding 0, 3.4, 5.1, 6.8, 17 mmol/L of either agent to cell culture medium, followed immediately by exposure to 10 min of 9.6 mW/cm^2^ 405 nm light from the LED array. Both sets of plates were incubated for 24 h, before the AB and NRU assays were performed. In both sets of experiments, cell layers exposed to cell culture medium, but not exposed to light, or cell culture medium containing 1 mmol/L cadmium chloride, were used as the negative and positive cytotoxicity controls, respectively.

For the AB assay, contents of all wells were aspirated and replaced with cell culture medium containing 10 vol % AB dye (ThermoFisher, Waltham, MA, USA). Plates were incubated for 2 h before fluorescence measurements were taken on a Tecan M1000 at 560 nm excitation and 585 nm emission wavelengths.

For the NRU assay, a 4 mg/mL Neutral Red (Sigma Aldrich, St. Louis, MO, USA) stock solution in PBS was diluted to 40 µg/mL in cell culture medium and placed at 37 °C overnight prior to assay. Neutral Red solutions were centrifuged at 600 g for 10 min the day of the assay, and the supernatant was retained to produce the NRU working solution. NRU desorb solution was produced by mixing 12.5 mL of ultrapure water (Millipore, Burlington, MA, USA), 12.5 mL of 200-proof ethanol (Decon Labs, King of Prussia, PA, USA), and 250 µL glacial acetic acid (Acros Organics, Fair Lawn, NJ, USA). The contents of all wells were aspirated, the cell layers rinsed with 150 µL PBS, then 100 µL of NRU working solution added. After 2 h incubation, plates were inspected under a phase contrast microscope to check for unintended crystallization of the dye. The cell layers were rinsed 2× with 150 µL PBS, then 150 µL of the NRU desorb solution was added. The plates were agitated for \>10 min on a shaker, before fluorescent reading at 534 nm excitation and 616 nm emission wavelengths.

Within each replicate experiment, the signal from 4 or 5 identical wells for each toxicant concentration were averaged. Results are reported as the means and standard deviations of N = 3 independent replicate experiments. Statistically significant differences (*p* \< 0.05) were determined by multiple two-tailed t-tests (Graphpad Prism 6, Graphpad Software, San Diego, CA, USA).

2.3. Ames Bacterial Reverse Mutation Assay {#sec2dot3-polymers-12-01489}
------------------------------------------

The Ames bacterial assay used in this study consists of exposing the bacteria to both the potential mutagen and light in a 96-well plate and plating on minimal glucose plates, using an overlay method \[[@B29-polymers-12-01489]\]. Minimal glucose agar was composed of 16 g/L agar (Difco, Detroit, MI, USA), 20 mL/L of 50× VBE salt (Moltox, Boone NC, USA), and 21.5 g/L glucose (Sigma Aldrich, St. Louis, MO, USA) in DI water; VBE salts and previously autoclaved 40 % *w/v* glucose were added to the autoclaved agar solution once cooled to approximately 50--60 °C, then poured in volumes of \~30 mL each into 100 mm polystyrene petri dishes and allowed to solidify. Plates were stored at 4--8 °C until use. Top agar was composed of 6 g/L agar, and 5 g/L NaCl (Sigma Aldrich, St. Louis, MO, USA) which was autoclaved; histidine/biotin (His/Bio) or tryptophan (Trp) was added to a final concentration of 4.6 mg/L, once the solution cooled to approximately 50--60 °C. Aliquots of top agar containing His/Bio or Trp were stored at room temperature until use. Before each replicate experiment, bottom agar plates were placed in an incubator at 37 °C, and the top agar melted then cooled to 45 °C on a heating block. Stock solutions of strain-specific positive control compounds, 500 µg/mL 4-nitroquinoline-1-oxide (4-NQO) (Sigma Aldrich, St. Louis, MO, USA) for *E. coli* or 200 µg/mL 2-nitrofluorene (2-NF) (Sigma Aldrich, St. Louis, MO, USA) for *S. typhimurium*, were made in dimethylsulfoxide and stored frozen until use.

*S. typhimurium* (strains TA98 and TA100) and *E. coli* (strain WP2 uvrA) (Moltox, Boone NC, USA) from stocks frozen at −70 °C were cultured overnight in Oxoid, or Luria broth (ThermoFisher Scientific, Waltham, MA, USA), respectively, with 12 h agitation at 37 °C in fluted flasks on a shakeplate. Prior to any replicate experiment, optical density measurements at 600 nm (OD~600~) of the overnight cultures were taken with a Genesys 20 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA); all overnight cultures had an OD~600~ of approximately 1 prior to use in each assay. A 2× bacteria suspension was made by centrifuging 4 mL of the overnight culture at 8500 g for 30 a, and resuspending the pellet in 2 mL of PBS.

On 48-well plates, one well for each treatment and control condition was designated: well (1) PBS (negative control) alone; well (2) 0.5 µg/plate 4-NQO or 0.4 µg/plate 2-NF; well (3) 18.5 mJ/cm^2^ UV-C exposure, (4) LAP 34 mmol/L alone; and wells (5--10) LAP (0, 3.4, 8.5, 17, 25.5, and 34 mmol/L) + 10 min 9.6 mW/cm^2^ 405 nm light. Each well received 150 µL of 2x bacteria suspension and 150 µL of a solution containing PBS, positive control compound, or 102 mmol/L LAP, to achieve the appropriate concentrations. A separate plate containing the bacteria and PBS for UV-C treatment was exposed to 3 s of UV-C radiation in a UV crosslinker (Spectronics Corporation, New Cassel, NY, USA) corresponding to a radiant exposure of 18.5 mJ/cm^2^. The plate containing the remaining treatment groups were exposed to 10 min 9.6 mW/cm^2^ 405 nm light. Immediately after light exposure, 150 µL of the appropriate nutrient broth was added to all wells and the plates incubated for 30 min at 37 °C for mutant expression before plating.

Within each replicate, duplicate plates were produced from each well with each plate made by adding 150 µL of the well contents to 2 mL of top agar prewarmed to 45 °C, followed by immediate plating on bottom agar plates prewarmed to 37 °C. Plates were flipped once solid and incubated for 2 days before counting colonies on a SphereFlash automated colony counter (IUL Micro, Barcelona, Spain). Results are reported as the means and standard deviations of N = 3 or 2 independent replicate experiments.

3. Results {#sec3-polymers-12-01489}
==========

3.1. Light Source Characterization and Photorheology {#sec3dot1-polymers-12-01489}
----------------------------------------------------

Since achieving even illumination of all samples was a major concern, a LED light source and an in-house light box containing a consumer LED array were characterized for their irradiance over the sample area and emission spectra. The Thorlabs M405LP1 and consumer LED array had a narrow, symmetrical emission spectrum with peak emission of 409 ± 7 nm full width half maximum (FWHM) and 406 ± 7 nm FWHM respectively. The M405LP1 exhibited peak irradiance in the center of the beam and decreased to 99% of peak values 10 mm from the center when the LED chip is 150 mm above the detector. Irradiance over the entire 20 mm diameter parallel plate geometry would be within 1% of the set value. Irradiance at the sample platform over the consumer LED array had unpredictable hotspots due to the array and multiple diffuse reflections inside the box, but maximum and minimum irradiance readings were 9.8 and 9.4 mW/cm^2^ over the entire 55 × 70 mm^2^ area, with no ability to alter the intensity of the light source after lightbox assembly. Irradiance over any sample in the biological assays should deviate within 2% of 9.6 mW/cm^2^.

The LVER of fully crosslinked 10% GelMA was determined first with a frequency sweep from 0.2--20 Hz at a constant 1% shear strain. The approximately 5500 Pa storage modulus value was found to be on par with the final storage modulus determined in the main crosslinking experiment, and was indicative of a fully crosslinked gel. A subsequent sweep between 0.01% and 1000% strain at 5 Hz revealed a drop in the storage modulus starting at approximately 10% shear strain. Therefore, 5% shear strain at 5 Hz was determined to be within the LVER of 10% GelMA and was used for the main photorheology experiment to track the rate of crosslinking.

[Figure 1](#polymers-12-01489-f001){ref-type="fig"} summarizes four features of the photorheology results: (1) lag time between start of light exposure and increase of the storage modulus, (2) the final storage modulus after excess light exposure, (3) the rate of increase of the storage modulus, and (4) an artifact starting immediately after triggering the light source. This artifact is attributed to a software error where shear strain readings reached between 700% and 1700%, and torque readings reached extremely high levels (up to 0.03 N∙m) following an invalid data point. This caused the storage modulus calculations to be artificially high, but these readings stabilized to baseline levels within 13 s. This artifact was not present on the nitrogen purged sample that was collected after an equipment reset, and did not have the invalid data point.

The lag time is inversely proportional to the LAP concentration with gels containing 17, 8.4. 3.4, and 1.7 mmol/L LAP taking 17, 25, 53, and 108 s after initiating light exposure and before any marked increase of storage modulus. This lag time is greatly reduced after nitrogen purging; comparing the storage modulus curves of GelMA + 3.4 mmol/L LAP with and without nitrogen purging in [Figure 1](#polymers-12-01489-f001){ref-type="fig"}b, the lag time was shortened from 53 to 10 s. The final storage modulus of all gels approached the same value at approximately 6000 Pa. Times to reach \>95% of the final storage modulus for each gel were 319, 473, 720, or 995 s for 10% GelMA with 17, 8.4. 3.4, or 1.7 mmol/L LAP exposed to 3.0 mW/cm^2^ 405 nm light, respectively. The light exposure condition of 600 s of 9.6 mW/cm^2^ light used in the cytotoxicity and Ames assays would be sufficient to fully crosslink GelMA containing ≥3.4 mmol/L LAP, and would be a representative light exposure scenario for cells undergoing bioprinting using an LED light source.

3.2. Cytotoxicity Assays {#sec3dot2-polymers-12-01489}
------------------------

Confluent M-1 collecting duct cell layers were exposed to various concentrations of LAP or LiCl with or without 9.6 mW/cm^2^ 405 nm light exposure and the cell viability assessed with both the AB and NRU assays ([Figure 2](#polymers-12-01489-f002){ref-type="fig"}). The dose range for the cytotoxicity assays without light were centered around 17 mmol/L (0.5 wt % LAP), which is a common LAP concentration used in bioprinting. Cytotoxicity of LiCl was measured in parallel.

Exposure to LiCl with or without light slightly reduced viability. Cells exposed to the maximum investigated LiCl concentration (68 mmol/L) reduced viability down to 80% and 94% viability measured by the AB and NRU assays, respectively (data not shown). No differences in viability were observed between the treatments with LiCl alone and LiCl plus light exposure (data not shown).

Generally, the viability, as reported in both assays for the LAP dose response curve, was extremely sensitive, with concentrations yielding near 100% or near 0% viability flanking a single inflection point. Between 3.4 and 17 mmol/L LAP without exposure to light, viability in the AB assay was above 100% viability, and had an increasing trend over this concentration range, while viability in the NRU assay remained below 100% and had a decreasing trend. AB and NRU assays both reported a sharp drop in viability at 25.5 mmol/L LAP; at higher concentrations, all cells were dead as viability was essentially zero %.

Cells exposed to light alone (no LAP) exhibited no change in viability compared to controls. Cell viability at 3.4 mmol/L LAP, the lowest investigated dose, with concomitant light exposure diminished to 68% and 48% for the AB and NRU assays, respectively. Only the result of the NRU assay was significant at this point, however, the results show that the EC~50~ (effective concentration that kills 50% of the cells) for both assays was approximately 10-fold more potent for LAP + light, compared to LAP alone. Both assays showed that for cells exposed to LAP concentrations higher than 3.4 mmol/L LAP with concomitant exposure to light, viability was near zero.

3.3. Ames Bacterial Reverse Mutagenicity Assay {#sec3dot3-polymers-12-01489}
----------------------------------------------

Bacterial reverse mutagenicity assay results are summarized in [Figure 3](#polymers-12-01489-f003){ref-type="fig"}. All plates had an intact bacterial lawn, which indicated the lack of overt cytotoxicity; colonies present on the plates are attributed to reverse mutation. Baseline reverse mutation rates of WP2uvrA, TA98, and TA100 were 34, 38, and 89 revertant colonies, respectively. Strain-specific positive controls (i.e., 4-NQO for WP2uvrA and 2-NF for TA98 and TA100) resulted in a marked increase in colony counts. For all strains, either the control chemical mutagen, UV-C positive control, or both resulted in a positive mutagenicity assessment. In contrast, all treatments with LAP with or without light in all strains tested resulted in no apparent mutagenicity; colony counts were on par with the negative control.

4. Discussion {#sec4-polymers-12-01489}
=============

GelMA is made photosensitive with addition of LAP photoinitiator and is crosslinked with exposure to 405 nm light. Crosslinked GelMA is solid at cell culture temperatures (37 °C) and has a shear elastic modulus proportional to its concentration when fully crosslinked. Both LAP concentration and 405 nm light intensity are positively correlated with crosslinking rate, but do not affect final elastic modulus \[[@B30-polymers-12-01489]\]. Photo-crosslinking has been traditionally performed with curing lamps, such as mercury or xenon arc lamps with filtered outputs for their high output power, but the high heat generation, high power draw, large volume, and relatively high cost of these lamps have pushed for the use of LEDs in portable light sources, such as dental curing lights and commercially-available bioprinters \[[@B28-polymers-12-01489],[@B31-polymers-12-01489],[@B32-polymers-12-01489]\]. The use of 405 nm LEDs in this study is typical of bioprinters using LAP for these reasons. The use of 3 mW/cm^2^ irradiance in the photorheology studies was mainly limited by the desire to achieve even illumination over the entire 20 mm geometry. Most of the LED power is discarded to result in only a small emission angle to the sample; increasing the irradiance by moving the LED closer or by including focusing optics is associated with decreasing the evenness of the irradiance field. Since the polymerization rate is proportional to the square root of light intensity, the use of this lower irradiance can justify exposure conditions using the 9.6 mW/cm^2^ irradiance used in the biological assays \[[@B30-polymers-12-01489]\].

Photorheology results were evaluated mainly for the light exposure time required to reach 95% of the maximum achieved storage modulus for each LAP concentration investigated. However, the lag time between the start of light exposure and the beginning of polymerization is an important artifact. This lag time is inversely proportional to the photoinitiator concentration, and is attributed to radical scavenging by oxygen \[[@B33-polymers-12-01489]\]. To test this hypothesis, nitrogen purging of the 3.4 mmol/L LAP gel reduced the lag time, compared to the 17 mmol/L LAP gel. While nitrogen purging is a common method to improve the polymerization performance of acrylate photopolymers, this process is not compatible with cell-laden gels used in bioprinting \[[@B34-polymers-12-01489]\]. Nevertheless, the result that the 3.4 mmol/L LAP gel required 720 s to fully polymerize justifies the exaggerated exposure from the higher 9.6 mW/cm^2^ irradiance for 600 s used in the subsequent studies.

Since studies have shown that both photoinitiator concentration and light exposure are associated with toxic effects, conventional wisdom states that these parameters should be carefully controlled \[[@B12-polymers-12-01489],[@B35-polymers-12-01489]\]. For example, underexposure would result in imprecise control of the mechanical properties and an increase in the concentration of unreacted monomer, while overexposure would expose cells to additional phototoxic effects while not significantly affecting the mechanical properties. Multiple studies report photopolymer tissue engineering constructs with low cytotoxicity, and/or the ability of cells to proliferate within the construct after printing \[[@B28-polymers-12-01489],[@B36-polymers-12-01489],[@B37-polymers-12-01489]\]. The success of this technique is contrary to the assumption that free-radical generating photoinitiators produce toxic effects, including genotoxicity, from reactive oxygen species \[[@B14-polymers-12-01489],[@B38-polymers-12-01489]\]. Therefore, the second and third objectives of this study were to determine whether concomitant exposures to LAP and light under conditions typical of bioprinting were cytotoxic and/or mutagenic.

Cytotoxicity assays were performed using confluent mouse kidney M-1 collecting duct cell layers, which exhibited evidence of active water transport, i.e., "domes", attributed to water transport between the cell layer and wellplate bottom \[[@B25-polymers-12-01489]\]. Lithium ion is a known nephrotoxicant, whose mechanism of toxicity is related to the inhibition of AQP-2 transport to the cell membrane, thereby causing diabetes insipidus \[[@B39-polymers-12-01489]\]. However, diabetes insipidus isn't the major concern in this study versus lithium accumulation within the kidney, risk of renal fibrosis, and damage to various organelles; karyolysis and cell fragmentation were observed in the kidneys of rats exposed to lithium chloride \[[@B21-polymers-12-01489],[@B23-polymers-12-01489],[@B40-polymers-12-01489]\]. Results in both the Alamar Blue and Neutral Red Uptake assays agree that lithium ion concentrations typically associated with LAP can be mildly cytotoxic; However, 95% viability from 17 mmol/L LiCl exposure (i.e., equivalent to 0.5 wt % LAP) determined with the NRU assay is a generally accepted viability for cells grown in vitro; this effect should be less pronounced in other cell models not as sensitive to lithium. At LAP concentrations and exposure times typically used in bioprinting, lithium ions were not identified as a significant cytotoxic factor.

In contrast, LAP exposure to M-1 collecting duct layers in the absence of light was cytotoxic at 17 mmol/L corresponding to 0.5 wt % LAP, a commonly used concentration in bioprinting. The exposure duration was 24 h, which represents an exaggerated exposure compared to bioprinted constructs, where LAP would be diluted by cell culture medium after crosslinking. With exposure to light, an immediate reduction in viability was observed at the lowest LAP concentration corresponding to 0.1 wt % LAP. This result is corroborated in a study by Duchi et al. where sheep adiopose derived stem cells exhibited around 20% viability after exposure to 0.1% LAP, albeit with 700 mW/cm^2^ 365 nm light for 10 s \[[@B28-polymers-12-01489]\]. Bioprinting with similar LAP and light conditions generally does not elicit this cytotoxic response, so this discrepancy is attributed to a protective effect of GelMA and cell media used during bioprinting. For example, the presence of antioxidants, such as N-acetylcysteine, was shown to be protective against oxidative damage \[[@B41-polymers-12-01489]\]. This strategy was also used to develop a photoprotective supplement composed of antioxidants, which prevented light-induced cytotoxicity in neuronal culture exposed to 360 kJ/m^2^ 470 nm light \[[@B42-polymers-12-01489]\]. This protective effect was also observed in bone marrow stromal cells encapsulated with methacrylated hyaluronic acid or polyglycerol; neither Irgacure 2959 concentration or radiant exposure from 6 mW/cm^2^ 365 nm light for 5 min caused any statistically significant differences in cell viability or proliferation versus the non-irradiated control \[[@B43-polymers-12-01489]\]. In the absence of the encapsulating polymer, increasing light exposure and/or Irgacure 2959 concentration caused drops in viability and proliferation \[[@B44-polymers-12-01489]\]. High viability (\~96%) was also observed in human neonate foreskin fibroblasts embedded in polyethylene glycol diacrylate with 2.2 mmol/L LAP exposed to 5--10 min of 10 mW/cm^2^ 405 nm light \[[@B30-polymers-12-01489]\]. In the present study, in vitro assays performed in the absence of GelMA likely exaggerated cytotoxicity typically observed when using this material in bioprinting. All investigated LAP concentrations with exposure to light were highly cytotoxic to the M-1 collecting duct cells compared to LAP alone, and this confirms the hypothesis that concurrent LAP and light exposure is more cytotoxic than LAP exposure alone.

A modified Ames bacterial mutagenicity assay was conducted with LAP and light exposures that were cytotoxic to M-1 cells, to determine whether these exposures are mutagenic. This modification involves light exposure to the bacteria and toxicant prior to incubation, and has been previously used to determine mutagenicity from concomitant light and exposure to sunscreen and cosmetic \[[@B44-polymers-12-01489],[@B45-polymers-12-01489]\] compounds. The results in the present study show that the positive and negative controls performed adequately within defined parameters, resulting in valid assays; however, mutagenicity assessment for LAP concentrations ranging from 0 to 34 mmol/L with or without 10 min of 9.6 mW/cm^2^ 405 nm light exposure were negative. OECD TG471 guidelines recommend a battery of four *S. typhimurium* strains (including TA98 and TA100) and additional choice of strain (including WP2 uvrA) which detects "oxidizing mutagens, cross-linking agents and hydrazines" \[[@B29-polymers-12-01489]\]. While this study only used two *S. typhimurium* strains and one *E. coli* strain, recent studies showed that using only TA98 and TA100 detected 93% of the \>10000 compound database \[[@B46-polymers-12-01489]\]. Since ROS is expected to be an oxidizing mutagen, the TA100, TA98, and WP2 uvrA test battery used in this assay should have a high chance of detecting mutagenicity. Thus, the negative result observed is surprising. Although the addition of S9 metabolic activation is a customary procedure for testing chemicals that might require metabolic activation for genotoxicity, S9 was not deemed relevant to this study, because we are exploring another mode of activation: light-based photo-activation. The Ames assay is widely-used and is predictive of 70--90% of carcinogens, but the use of the Ames assay alone for a negative mutagenicity assessment is insufficient as a definitive stand-alone result \[[@B47-polymers-12-01489],[@B48-polymers-12-01489]\]. The reasons for negative results include inadequate dosing (e.g., failure of uptake), failure to detect mammalian-specific mutagens, or chemical-specific requirements not met, in addition to a true lack of mutagenicity. Further investigations are needed to define the mutagenic status of LAP plus light, especially given the cytotoxicity observed.

Despite being a popular, well-cited, and commercially-available photoinitiator for use with bioprinting, there are no reports of studies evaluating the mutagenicity of LAP to the authors' knowledge. However, an EU report on the chemically similar trimethylbenzoyl diphenyl phosphene oxide (TPO), which is used primarily in photo-crosslinkable nail polish, finds that TPO is not mutagenic based on data from multiple in vitro and in vivo assays; however, no study took light exposure into account \[[@B49-polymers-12-01489]\]. TPO was also investigated alongside camphorquinone, in combination with various acrylate-based polymers, and found to be marginally genotoxic determined with the Comet assay, although light exposure was not assessed \[[@B50-polymers-12-01489]\]. Based on these studies, LAP was not expected to be mutagenic in the absence of light exposure, but our results thus far do not support our hypothesis that LAP with light exposure would be mutagenic, given the expected generation of reactive oxygen species and the toxicity observed in mammalian cells.

5. Conclusions {#sec5-polymers-12-01489}
==============

The cytotoxicity of LAP to confluent M-1 collecting duct cells was significantly enhanced with exposure to 405 nm light with increased cytotoxicity observed at concomitant exposures of \>3.4 mmol/L LAP (0.1 wt % LAP) and 10 min of 9.6 mW/cm^2^ light, conditions occurring during LAP use as a photoinitiator. However, LAP concentrations up to 34 mmol/L (1.0 wt %), an atypically high concentration for bioprinting, were not mutagenic in bacteria, even after exposure to light. This study supports that use of LAP photoinitiator and free radicals generated from photo-excited LAP can be cytotoxic to cells undergoing bioprinting. Further studies are needed to more definitively demonstrate the lack of mutagenicity of LAP and light exposure conditions typical in bioprinting.

Photorheology data was collected using an Anton Paar MCR302 rheometer with assistance from David Wysocki. Light source irradiance and emission spectra was collected with help from Ilko Ilev from FDA's Division of Biomedical Physics.
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![Storage modulus of 10% gelatin methacryloyl (GelMA) with lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate (LAP) photoinitiator tracked by photorheology; the 405 nm light source (3 mW/cm^2^) was switched on at 60 s for all measurements. (**a**) Crosslinking of GelMA with 17 (red), 8.5 (green), 3.4 (blue), and 1.7 (purple) mmol/L LAP. (**b**) Crosslinking of non-nitrogen-purged (blue) and nitrogen-purged (orange) GelMA with 3.4 mmol/L LAP, with a focus on the time between light exposure and a rise in storage modulus; the red line denotes the start of light exposure.](polymers-12-01489-g001){#polymers-12-01489-f001}

![Viability of mouse M-1 collecting duct cell monolayers exposed to varying concentrations of LAP (3.4, 5.1, 6.8, 17, 25.5, 34, or 68 mmol/L) and not-exposed (•) or exposed to 9.6 mW/cm^2^ 405 nm light (o). LAP concentrations are represented as equivalent Li concentrations. Results are normalized to the viability of monolayers exposed only to PBS and not exposed to light. CdCl~2~ (1 mmol/L) was used as the positive control; viability averaged 0% for both assays (data not shown). (**a**) Viability determined by the Alamar Blue assay. (**b**) Viability determined by the Neutral Red Uptake assay. Values represent means ± standard deviations of N = 3 independent replicate experiments. Values that appear to be missing error bars are cases where the standard deviation is smaller than the symbol size. Asterisks (\*) denote treatments where the viability of monolayers exposed to LAP is significantly different (*p* \< 0.05) from the viability of monolayers exposed to LAP and light.](polymers-12-01489-g002){#polymers-12-01489-f002}

![Mutagenicity assessment using bacterial reverse mutation assays. Reverse mutant colony counts of *E. coli* (WP2uvrA, (**a**)) and *S. typhimurium* (TA98 or TA100, (**b**)) exposed to PBS (negative control), 0.5 µg/plate 4-NQO or 0.4 µg/plate 2-NF (strain-specific positive controls), 18.5 mJ/cm^2^ UV-C light, 34 mmol/L LAP, or various LAP concentrations with exposure to 10 min of 9.6 mW/cm^2^ 405 nm light. For *E. coli* (**a**), values represent the average of N = 2 independent replicate experiments. For *S. typhimurium* strains (**b**), values represent means ± standard deviations of N = 3 independent replicate experiments.](polymers-12-01489-g003){#polymers-12-01489-f003}
